Ten new triterpenoid compounds with structure diversity of the C-17 side-chain, including nine tirucallanes, named xylocarpols A-E (1-5) and agallochols A-D (6-9), and an apotirucallane, named 25-dehydroxy protoxylogranatin B (10), were isolated from the mangrove plants Xylocarpus granatum, Xylocarpus moluccensis, and Excoecaria agallocha. The structures of these compounds were established by HR-ESIMS and extensive one-dimensional (1D) and two-dimensional (2D) NMR investigations. The absolute configurations of 1 and 2 were unequivocally determined by single-crystal X-ray diffraction analyses, conducted with Cu Kα radiation; whereas those of 4, 6-8 were assigned by a modified Mosher's method and the comparison of experimental electronic circular dichroism (ECD) spectra. Most notably, 5, 6, 7, and 9 displayed potent activation effects on farnesoid-X-receptor (FXR) at the concentration of 10.0 µM; 10 exhibited very significant agonistic effects on pregnane-X-receptor (PXR) at the concentration of 10.0 nM.
Introduction
Cholestasis, a clinical syndrome of hepatobiliary diseases, is usually caused by accumulation of bile acids in the liver and systemic circulation [1] . Long-term cholestasis can lead to primary biliary cirrhosis, primary sclerosing cholangitis, and hepatic failure. In clinical practice, abnormal metabolism of bile acids is deemed to be a crucial risk factor that induces cholestasis and cholestatic liver injury [1, 2] . Farnesoid-X-receptor (FXR) and pregnane-X-receptor (PXR) are two members of the nuclear receptor family. Due to the regulation capability of a suite of genes involved in the metabolism, transport, and elimination of bile acids, FXR and PXR are considered to be the key target proteins for the treatment of cholestasis and liver injury [1, [3] [4] [5] .
Xylocarpus granatum and Xylocarpus moluccensis, true-mangrove species of the family Meliaceae, have been used in folk medicine, particularly in South and Southeast Asian countries, for the treatment 
Results and Discussion
Compound 1 was obtained as colorless crystals. Its molecular formula C30H50O5 with six indices of hydrogen deficiency was established by the negative HR-ESIMS quasi molecular ion peak at m/z 525.3356 ([M + Cl] − , calculated for 525.3352). According to the 1 H and 13 C NMR spectroscopic data of 1 (Tables 1 and 2 ), two elements of unsaturation were due to a carbon-carbon double bond and a carbonyl group. Thus, the molecule was tetracyclic. The 13 C NMR spectroscopic data and the 
Compound 1 was obtained as colorless crystals. Its molecular formula C 30 H 50 O 5 with six indices of hydrogen deficiency was established by the negative HR-ESIMS quasi molecular ion peak at m/z 525.3356 ([M + Cl] − , calculated for 525.3352) (Supplementary Materials S6 and S7). According to the 1 H and 13 C NMR spectroscopic data of 1 (Tables 1 and 2 ) (Supplementary Materials S8-S13), two elements DEPT135 experiment of 1 revealed the presence of eight methyl groups, seven methylene groups, eight methine groups (including three oxygenated ones at δC 75.8, 70.9, and 80.1 ppm, respectively, and an olefinic one at δC 118.0 ppm), and seven quaternary carbons (including an oxygenated one at δC 74.1, an olefinic one at δC 145.7, and a ketone carbon at δC 217.0 ppm, respectively). In order to establish the absolute configuration of the whole molecule of 1, particularly the absolute configuration of three chiral centers on the C-17 side-chain, a single-crystal X-ray diffraction analysis, conducted with Cu Kα radiation (Flack parameter of 0.01(6)) ( Figure 3 ), was employed. Thus, the absolute configuration of 1, named xylocarpol A, was unequivocally assigned as (5R,9R,10R,13S,14S,17S,20R,22S,23S,24S)-22,23,24,25-tetrahydroxytirucalla-7-ene-3-one. In order to establish the absolute configuration of the whole molecule of 1, particularly the absolute configuration of three chiral centers on the C-17 side-chain, a single-crystal X-ray diffraction analysis, conducted with Cu Kα radiation (Flack parameter of 0.01(6)) ( Figure 3 ), was employed. Thus, the absolute configuration of 1, named xylocarpol A, was unequivocally assigned as (5R,9R,10R,13S,14S,17S,20R,22S,23S,24S)-22,23,24,25-tetrahydroxytirucalla-7-ene-3-one. DEPT135 experiment of 1 revealed the presence of eight methyl groups, seven methylene groups, eight methine groups (including three oxygenated ones at δC 75.8, 70.9, and 80.1 ppm, respectively, and an olefinic one at δC 118.0 ppm), and seven quaternary carbons (including an oxygenated one at δC 74.1, an olefinic one at δC 145.7, and a ketone carbon at δC 217.0 ppm, respectively). In order to establish the absolute configuration of the whole molecule of 1, particularly the absolute configuration of three chiral centers on the C-17 side-chain, a single-crystal X-ray diffraction analysis, conducted with Cu Kα radiation (Flack parameter of 0.01(6)) (Figure 3 ), was employed. Thus, the absolute configuration of 1, named xylocarpol A, was unequivocally assigned as (5R,9R,10R,13S,14S,17S,20R,22S,23S,24S) (Tables 1 and 2 ) (Supplementary Materials S34-S39) were closely related to those of aphagranin D [23] , the difference being the absence of the 24-OH and 25-OH groups in 2. This deduction were corroborated by the upshifted C-24 (δ C 82.1 CH in aphagranin D; whereas δ C 46.8 CH 2 in 2) and C-25 (δ C 79.0 qC in aphagranin D; whereas δ C 24.5 CH in 2), and the proton spin-spin system, i. (Figure 4) , unambiguously established the absolute configuration of the whole molecule of 2. Therefore, the absolute configuration of 2, named xylocarpol B, was unambiguously determined to be (5R,9R,10R,13S,14S,17S,20R,22S)-22-hydroxytirucalla-7-ene-3,23-dione. (Tables 1 and 2) were closely related to those of aphagranin D [23] , the difference being the absence of the 24-OH and 25-OH groups in 2. This deduction were corroborated by the upshifted C-24 (δC 82.1 CH in aphagranin D; whereas δC 46.8 CH2 in 2) and C-25 (δC 79.0 qC in aphagranin D; whereas δC 24.5 CH in 2), and the proton spin-spin system, i. However, due to the limited amount of 3, the chirality of C-24 could not be determined. Thus, the structure of 3, named xylocarpol C, was assigned as 24-hydroxytirucalla-7-ene-3,23-dione.
Compound 4 gave the molecular formula C30H50O4 as obtained from the negative HR-ESIMS quasi molecular ion peak at m/z 509.3402 ([M + Cl] − , calculated for 509.3403). The 1 H and 13 C NMR spectroscopic data of 4 (Tables 1 and 2) were closely related to those of odoratone [24] , except for the In order to establish the absolute configuration of 4, a modified Mosher's α-methoxy-α-(trifluoromethyl)phenylacetyl (MTPA) ester method was applied [25] . The (3,23,24)-tri(S)-and (3,23,24)-tri(R)-MTPA esters of 4, videlicet 4s and 4r, were successfully prepared. Based on the MTPA ester rule of Δδ (δS − δR) values ( Figure 6 ) [25] , the absolute configurations of C-3, C-23, and C-24 were assigned as S, R, and S, respectively. Therefore, the absolute configuration of 4, named xylocarpol D, was unequivocally established as (3S,5R,9R,10R,13S,14S,17S,20R,22S,23R,24S)-3,23,24-trihydroxy-22,25-epoxytirucalla-7-ene. The absolute configuration of the 2,2-dimethyltetrahydrofuran-3,4-diol moiety of odoratone [24] was first clarified as 22S,23R,24S. In order to establish the absolute configuration of 4, a modified Mosher's α-methoxy-α-(trifluoromethyl)phenylacetyl (MTPA) ester method was applied [25] .
The ( [25] , the absolute configurations of C-3, C-23, and C-24 were assigned as S, R, and S, respectively. Therefore, the absolute configuration of 4, named xylocarpol D, was unequivocally established as (3S,5R,9R,10R,13S,14S,17S,20R,22S,23R,24S)-3,23,24-trihydroxy-22,25-epoxytirucalla-7-ene. The absolute configuration of the 2,2-dimethyltetrahydrofuran-3,4-diol moiety of odoratone [24] was first clarified as 22S,23R,24S. In order to establish the absolute configuration of 4, a modified Mosher's α-methoxy-α-(trifluoromethyl)phenylacetyl (MTPA) ester method was applied [25] . The (3,23,24)-tri(S)-and (3,23,24)-tri(R)-MTPA esters of 4, videlicet 4s and 4r, were successfully prepared. Based on the MTPA ester rule of Δδ (δS − δR) values ( Figure 6 ) [25] , the absolute configurations of C-3, C-23, and C-24 were assigned as S, R, and S, respectively. Therefore, the absolute configuration of 4, named xylocarpol D, was unequivocally established as (3S,5R,9R,10R,13S,14S,17S,20R,22S,23R,24S)-3,23,24-trihydroxy-22,25-epoxytirucalla-7-ene. The absolute configuration of the 2,2-dimethyltetrahydrofuran-3,4-diol moiety of odoratone [24] was first clarified as 22S,23R,24S. The molecular formula of 5 was determined to be C 30 H 48 O 4 (seven degrees of unsaturation) by the negative HR-ESIMS quasi molecular ion peak at m/z 507.3245 ([M + Cl] − , calculated for 507.3247) (Supplementary Materials S111 and S112). Two elements of unsaturation were due to a carbon-carbon double bond and a ketone group; thus, the molecule was pentacyclic. The NMR spectroscopic data of 5 (Tables 1 and 2 ) (Supplementary Materials S113-S118) were similar to those of 4, the difference being the opposite orientation of the 24-OH group and the replacement of the 3-OH group in 4 by a ketone function in 5. Diagnostic NOE interactions (Supplementary Materials S134-S137) between H-22/H 3 -27 and H-24/H 3 -27 assigned the β-oriented H-22 and H-24; whereas those between H-23/H 3 -26 concluded the α-oriented H-23 ( Figure 7 ). HMBC correlations (Supplementary Materials S128-S133) from H 2 -1, H 2 -2, H 3 -28, and H 3 -29 to the carbon (δ C 217.2 qC) of a ketone group confirmed its location at C-3. Therefore, the structure of 5, named xylocarpol E, was assigned as depicted. The molecular formula of 5 was determined to be C30H48O4 (seven degrees of unsaturation) by the negative HR-ESIMS quasi molecular ion peak at m/z 507.3245 ([M + Cl] − , calculated for 507.3247). Two elements of unsaturation were due to a carbon-carbon double bond and a ketone group; thus, the molecule was pentacyclic. The NMR spectroscopic data of 5 (Tables 1 and 2 ) were similar to those of 4, the difference being the opposite orientation of the 24-OH group and the replacement of the 3-OH group in 4 by a ketone function in 5. Diagnostic NOE interactions between H-22/H3-27 and H-24/H3-27 assigned the β-oriented H-22 and H-24; whereas those between H-23/H3-26 concluded the α-oriented H-23 ( Figure 7 ). HMBC correlations from H2-1, H2-2, H3-28, and H3-29 to the carbon (δC 217.2 qC) of a ketone group confirmed its location at C-3. Therefore, the structure of 5, named xylocarpol E, was assigned as depicted. The absolute configuration of 6 was established by the application of the modified Mosher's MTPA ester method [25] . The (3,24)-di(S)-and (3,24)-di(R)-MTPA esters of 6 were prepared. Based on the MTPA ester rule of Δδ (δS − δR) values (Figure 9 ) [25] , the absolute configurations of C-3 and C-24 were assigned as S and S, respectively. Hence, the absolute configuration of 6, named agallochol A, was unequivocally assigned as (3S,5R,9R,10R,13S,14S,17S,20S,24S)-3,24 ,25-trihydroxytirucalla-7- The absolute configuration of 6 was established by the application of the modified Mosher's MTPA ester method [25] . The (3,24)-di(S)-and (3,24)-di(R)-MTPA esters of 6 were prepared (Supplementary Materials S290-S297). Based on the MTPA ester rule of ∆δ (δ S − δ R ) values ( Figure 9 ) [25] , the absolute configurations of C-3 and C-24 were assigned as S and S, respectively. Hence, the absolute configuration of 6, named agallochol A, was unequivocally assigned as (3S,5R,9R,10R,13S,14S,17S,20S,24S)-3,24,25-trihydroxytirucalla-7-ene-6-one.
Compound 7 provided the same molecular formula (C 30 H 50 O 4 ) as that of 6 based on the positive HR-ESIMS quasi molecular ion peak at m/z 475.3792 ([M + H] + , calculated for 475.3782) (Supplementary Materials S169 and S170). The 1 H and 13 C NMR spectroscopic data of 7 (Tables 3 and 4) (Supplementary Materials S171-S175) resembled those of 6, except for the slight difference of 1 H and 13 C chemical shifts of CH-24 (δ H 3.36 (br s), δ C 78.6 in 6; whereas δ H 3.30 dd (J = 11.6, 1.6 Hz), δ C 79.5 in 7), indicating that both compounds are a pair of C-24 epimers. The above deduction was further corroborated by 1 H-1 H COSY correlations between H-24/H 2 -23 (Supplementary Materials S178-S180) and HMBC interactions between H-24/C-23, H-24/C-25, H 3 -26/C-24, and H 3 -27/C-24 (Supplementary Materials S184-S189). Figure  9 ) [25] , the absolute configurations of C-3 and C-24 were assigned as S and R, respectively. Hence, the absolute configuration of 7, named agallochol B, was unambiguously concluded to be (3S,5R,9R,10R,13S,14S,17S,20S,24R)-3,24,25-trihydroxytirucalla-7-ene-6-one. Figure 9 ) [25] , the absolute configurations of C-3 and C-24 were assigned as S and R, respectively. Hence, the absolute configuration of 7, named agallochol B, was unambiguously concluded to be (3S,5R,9R,10R,13S,14S,17S,20S,24R)-3,24,25-trihydroxytirucalla-7-ene-6-one.
In order to determine the absolute configurations of C-3 and C-24 of 7, (3,24)-di(S)-and (3,24)-di(R)-MTPA esters of 7 were prepared. Based on the MTPA ester rule of Δδ (δS − δR) values (

In order to determine the absolute configurations of C-3 and C-24 of 7, (3,24)-di(S)-and (3,24)-di(R)-MTPA esters of 7 were prepared (Supplementary Materials S298-S305). Based on the MTPA ester rule of ∆δ (δ S − δ R ) values (
The molecular formula of 8 was established as C 30 Moreover, the absolute configuration of 8, particularly that of the tetracyclic tirucallane core (rings-A, B, C, and D), was established to be the same as that of 7, except for the deficiency of the chiral C-24, by the accurate fit of their experimental ECD spectra (Figure 10) . Therefore, the structure of 8, named agallochol C, was determined to be (3S,5R,9R,10R,13S,14S,17S,20S)-3,25-dihydroxytirucalla-7,23-diene-6-one. The relative configuration of the tetracyclic tirucallane core Moreover, the absolute configuration of 8, particularly that of the tetracyclic tirucallane core (rings-A, B, C, and D), was established to be the same as that of 7, except for the deficiency of the chiral C-24, by the accurate fit of their experimental ECD spectra (Figure 10) . Therefore, the structure of 8, named agallochol C, was determined to be (3S,5R,9R,10R,13S,14S,17S,20S)-3,25-dihydroxytirucalla-7,23-diene-6-one. resembled those of a trinortirucalla-7-ene, i.e., sikkimenoid F [27] , except for the replacement of the C-24 aldehyde group in sikkimenoid F by a C-24 carboxyl group in 9. The above deduction was corroborated by the upshifted C-24 (δ H 9.75 (br s), δ C 203.1 CH in sikkimenoid F; whereas δ C 178.5 qC in 9) and HMBC correlations from H 2 -22 and H 2 -23 to the carbonyl carbon (C-24) of this carboxyl group. The relative configuration of the tetracyclic tirucallane core (rings-A, B, C, and D) of 9 was established by NOE interactions (Supplementary Materials S247-S250) . Those between H-5/H-3, H-5/H-9, H-5/H 3 -29, H-9/H 3 -18, H 3 -18/H-20, H 3 -19/H 3 -28, H 3 -19/H 3 -30, and H 3 -30/H-17 assigned the same relative configuration of the tetracyclic tirucallane core of 9 as that of 8. Thus, the structure of 9, named agallochol D, was assigned as 3β-hydroxy-25,26,27-trinortirucalla-7-ene-24-oic acid.
Compound 10 provided the molecular formula C 32 H 46 O 7 based on the positive HR-ESIMS quasi molecular ion peak at m/z 543.3303 ([M + H] + , calculated for 543.3316) (Supplementary Material S251), requiring ten degrees of unsaturation. According to the 1 H and 13 C NMR spectroscopic data of 10 (Tables 3 and 4) (Supplementary Materials S252-S258) , six of the 10 elements of unsaturation were due to two carbon-carbon double bonds and four carbonyls. Thus, the molecule was tetracyclic. The DEPT135 experiment of 10 (Supplementary Materials S259-S261) combined with its 13 C NMR spectroscopic data revealed the presence of eight methyl groups, six methylene groups, nine methine groups (including three olefinic ones), and nine quaternary carbons (including four carbonyl carbons).
The above NMR characteristic features of 10 closely resembled those of an apotirucallane protolimonoid, i.e., protoxylogranatin B [28] , except for the absence of the 25-OH group in 10. 1 H-1 H COSY correlations from the proton of a methine moiety (δ H 2.56 m; δ C 34.1) to H 3 -26 and H 3 -27 confirmed the presence of the CH-25 group (Figure 11a Figure 11b ). The NOE interaction between H-7/H 3 -30, but not between H-7/H-5 and H-7/H 3 -18, indicated the β-oriented H-7 and the corresponding α-oriented 7-acetoxy group (Figure 11b) . Thus, the structure of 10, named 25-dehydroxy protoxylogranatin B, was established as depicted. Figure 11b ). The NOE interaction between H-7/H3-30, but not between H-7/H-5 and H-7/H3-18, indicated the β-oriented H-7 and the corresponding α-oriented 7-acetoxy group (Figure 11b) . Thus, the structure of 10, named 25-dehydroxy protoxylogranatin B, was established as depicted. In order to search for natural agonists of human FXR and PXR, most of the above isolated compounds were screened for their agonistic effects on these nuclear receptors. Chenodeoxycholic acid (CDCA) or rifampicin was used as the positive control at the concentration of 80.0 μM or 10.0 μM, respectively (Figures 12 and 13) . The results showed that 6 and 7 displayed significant agonistic effects on FXR at the concentration of 1.0 μM; while 5, 6, 7, and 9 exhibited significant agonistic effects on FXR at the concentration of 10.0 μM. Moreover, 1 displayed a moderate significant agonistic effect on FXR at the concentration of 10.0 μM (Figure 12) . Compound 10 exhibited a significant agonistic effect on PXR at the concentration of 10.0 nM, and even a higher agonistic effect on PXR as compared to that of the positive control, rifampicin, at the same concentration of 10.0 μM ( Figure 13 ). In order to search for natural agonists of human FXR and PXR, most of the above isolated compounds were screened for their agonistic effects on these nuclear receptors. Chenodeoxycholic acid (CDCA) or rifampicin was used as the positive control at the concentration of 80.0 µM or 10.0 µM, respectively (Figures 12 and 13) . The results showed that 6 and 7 displayed significant agonistic effects on FXR at the concentration of 1.0 µM; while 5, 6, 7, and 9 exhibited significant agonistic effects on FXR at the concentration of 10.0 µM. Moreover, 1 displayed a moderate significant agonistic effect on FXR at the concentration of 10.0 µM (Figure 12 ). Compound 10 exhibited a significant agonistic effect on PXR at the concentration of 10.0 nM, and even a higher agonistic effect on PXR as compared to that of the positive control, rifampicin, at the same concentration of 10.0 µM (Figure 13 ).
In order to search for natural agonists of human FXR and PXR, most of the above isolated compounds were screened for their agonistic effects on these nuclear receptors. Chenodeoxycholic acid (CDCA) or rifampicin was used as the positive control at the concentration of 80.0 μM or 10.0 μM, respectively (Figures 12 and 13) . The results showed that 6 and 7 displayed significant agonistic effects on FXR at the concentration of 1.0 μM; while 5, 6, 7, and 9 exhibited significant agonistic effects on FXR at the concentration of 10.0 μM. Moreover, 1 displayed a moderate significant agonistic effect on FXR at the concentration of 10.0 μM (Figure 12) . Compound 10 exhibited a significant agonistic effect on PXR at the concentration of 10.0 nM, and even a higher agonistic effect on PXR as compared to that of the positive control, rifampicin, at the same concentration of 10.0 μM ( Figure 13 ). 
Materials and Methods
General Methods
Optical rotations were recorded at room temperature on a MCP200 modular circular polarimeter (Anton Paar GmbH, Seelze, Germany). A GENESYS 10S UV-Vis spectrophotometer (Thermo Scientific, Shanghai, China) was used to obtain UV spectra. The NMR spectroscopic data were measured on a Bruker AV-400 NMR spectrometer (Bruker Scientific Technology Co. Ltd., Karlsruhe, Germany) using TMS as the internal standard. Single-crystal X-ray diffraction analyses were carried out on an Agilent Xcalibur Atlas Gemini Ultra-diffractometer with mirror monochromated Cu Kα radiation (λ = 1.54184 Å) at 100 K. An LC-ESI (Bruker Daltonics, Bremen, Germany) and an LC-ESI-QTOF mass spectrometer (SYNAPTTM G2 HDMS, Waters, Manchester, UK) were used to acquire HR-ESIMS data. For electronic circular dichroism (ECD) spectra, a Jasco 810 spectropolarimeter (JASCO Corporation, Tokyo, Japan) was applied with the solvent of acetonitrile. Semi-preparative HPLC was carried out on a Waters 2535 pump equipped with a 2489 UV detector (Waters Corporation, Milford, NY, USA) and an ODS column (YMC, 250 × 10 mm inner diameter, 5 µ m). 
Materials and Methods
General Methods
Optical rotations were recorded at room temperature on a MCP200 modular circular polarimeter (Anton Paar GmbH, Seelze, Germany). A GENESYS 10S UV-Vis spectrophotometer (Thermo Scientific, Shanghai, China) was used to obtain UV spectra. The NMR spectroscopic data were measured on a Bruker AV-400 NMR spectrometer (Bruker Scientific Technology Co. Ltd., Karlsruhe, Germany) using TMS as the internal standard. Single-crystal X-ray diffraction analyses were carried out on an Agilent Xcalibur Atlas Gemini Ultra-diffractometer with mirror monochromated Cu Kα radiation (λ = 1.54184 Å) at 100 K. An LC-ESI (Bruker Daltonics, Bremen, Germany) and an LC-ESI-QTOF mass spectrometer (SYNAPTTM G2 HDMS, Waters, Manchester, UK) were used to acquire HR-ESIMS data. For electronic circular dichroism (ECD) spectra, a Jasco 810 spectropolarimeter (JASCO Corporation, Tokyo, Japan) was applied with the solvent of acetonitrile. Semi-preparative HPLC was carried out on a Waters 2535 pump equipped with a 2489 UV detector (Waters Corporation, Milford, NY, USA) and an ODS column (YMC, 250 × 10 mm inner diameter, 5 µm). Silica gel (100-200 mesh, Qingdao Mar. Chem. Ind. Co. Ltd., Qingdao, China) and ODS silica gel (A-HG 12 nm, 50 mm, YMC Co. Ltd., Kyoto, Japan) were used for column chromatography.
Plant Material
The 
Extraction and Isolation
The seeds of X. granatum were air-dried (22.0 kg), powdered, and then extracted with 95% EtOH (5 × 75 L) at room temperature. The resulting EtOH extract (4.0 kg) was partitioned between EtOAc/water (3:1, v/v) to afford the EtOAc portion (1100.0 g). The EtOAc portion (250.0 g) was subjected to silica gel column chromatography (120 × 10 cm inner diameter; chloroform/methanol, from 100:0 to 10:1) to give 210 fractions. The seeds of X. moluccensis were air-dried (6.0 kg), powdered, and extracted with 95% EtOH (6 × 15 L) at room temperature. The resulting extract (824.6 g) was partitioned between EtOAc/water (3:1, v/v) to give the EtOAc portion (299.1 g), which was applied to silica gel column chromatography (150 × 8.5 cm inner diameter; chloroform/methanol, from 100:0 to 5:1) to afford 223 fractions. Funding: This work was financially supported by grants from the National Natural Science Foundation of China (NSFC) (U1501221, 31770377, 81661148049, and 81601174) and the Fundamental Research Funds for the Central Universities, P.R. China (21617474).
